Authors who report ground reaction force (GRF), free moment (FM), and resultant joint moments usually normalize these variables by division normalization. Normalization parameters include body weight (BW), body weight x height (BWH), and body weight x leg length (BWL). The purpose of this study was to explore the appropriateness of division normalization, power curve normalization, and offset normalization on peak GRF, FM, and resultant joint moments. Kinematic and kinetic data were collected on 98 subjects who walked at 1.2 and 1.8 m/s and ran at 3.4 and 4.0 m/s. Linear curves were best fit to the data, and regression analyses performed to test the significance of the correlations. It was found that the relationship between peak force and BW, as well as joint moments and BW, BWH, and BWL, were not always linear. After division normalization, significant correlations were still found. Power curve and offset normalization, however, were effective at normalizing all variables; therefore, when attempting to normalize GRF and joint moments, perhaps nonlinear or offset methods should be implemented.
Kinematics and kinetics are two of the most repeatable and accurate forms of analysis when examining human gait (Bates et al., 1983; Kadaba et al., 1989; Andriacchi, 1994; Lees & Bouracier, 1994; White et al., 1999; Ferber et al., 2002) . Ground reaction force (GRF) peaks have been used as descriptive variables of human gait for many years (Jacobs et al., 1972; Hargreaves & Scales, 1975; Cavanagh & Lafortune, 1980) and recently the free moment has been used as a predictor of ankle pronation as well as tibial stress fractures in distance runners (Holden & Cavanagh, 1991; Milner et al., 2006) . The resultant joint moments, calculated from the GRF and joint kinematics (Andriacchi, 1994) , have been identified as important joint loading parameters associated with the development of injuries (Morrey, 1989; Scott & Winter, 1990; Stefanyshyn et al., 2006) and are used both for athletic as well as clinical analyses (Andriacchi, 1994; White et al., 1999) .
Most researchers look at specific peak forces that occur during the stance phase. These peaks typically include the impact and active vertical, the anterior and posterior, and the medial and lateral GRF peaks. For the past 20 years it has been common practice for authors who collect GRF to normalize these forces by linearly scaling them to body weight (BW), with the majority of authors simply dividing the normalization variable by BW, which we will call division normalization (Bates et al., 1983; White et al., 1999; Neptune et al., 2000; Christina et al., 2001; Ferber et al., 2002; Herzog et al., 2003; Hunt et al., 2006) . In a previous study, division normalization as well as power curve normalization between the variables and BW was performed. It was found that division normalization by BW was appropriate for the vertical GRF impact and active peaks, as well as the posterior braking GRF peak (Mullineaux et al., 2006) . However, this study included only female runners at one running speed (3.7 m·s -1 ), and it considered only the three force variables mentioned above.
Joint moments usually are defined by the anatomical plane in which they occur. Most studies look at the peak joint moments that occur during the stance phase of locomotion. Joint moments are also often linearly normalized, but the method of normalization is not consistent among researchers. Various methods include division normalization to constants such as BW (Besier et al., 2001) , body weight times height (BWH) (McClay & Manal, 1999; Ferber et al., 2002; Ferber et al., 2003; Hunt et al., 2006) , and body weight times leg length (BWL) (Kadaba et al., 1989 ). In addition, some studies (Sturnieks et al., 2008a (Sturnieks et al., , 2008b have used the method of using BW as a covariate in the statistical analysis as a way to normalize the joint moments.
The methods of division normalization using normalization parameters of BW and BWH were compared in two previous studies (Sum et al., 1998; Moisio et al., 2003) . Both studies found that BWH was the more An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH appropriate normalization method, as once the knee moment was normalized, BWH had the smallest residual effect or correlation on the normalized moment.
The free moment is defined as the force couple about a vertical axis assuming a horizontal running surface, which results in shear forces between the foot and the ground (Holden & Cavanagh, 1991) . The free moment is usually normalized by division normalization using the product of BW and H with the peak values from touchdown to takeoff being analyzed. No previous studies could be found examining the appropriateness of this normalization, with the only rationale on this normalization procedure being that this leaves the normalized variable dimensionless.
While the method of division normalization is the most widely used method of normalization by researchers, this method does not take into account all of the variability of the normalized variable if the intercept is not equal to zero. Using GRF as an example, when the normalization is performed, it is assumed that the GRF has a linear relationship with BW, which can be expressed as the equation of a line GRF = mBW + b (y = mx + b), with m representing the slope of the line and b the y-intercept. Using division normalization, the assumption is that the y-intercept is zero (which is usually not the case). If b is different from zero, then the result would be a normalized GRF value GRF/BW, with a residual relationship with BW due to the new term b/ BW (O'Malley, 1996) . O'Malley suggested the use of offset normalization, which normalized by using the linear relationship (slope and y-offset) between the data and normalization parameter.
There are many forms of normalization that have been used in biomechanics research, with division normalization being the most common. No studies, however, have examined whether this method is most appropriate and effective at removing the residual effects on the GRF, joint moment, and free moment data or perhaps some other method is more effective, such as power curve normalization or offset normalization.
The purpose of this study was to explore the appropriateness of division normalization, power curve normalization, and offset normalization of (a) peak ground reaction forces to BW and (b) peak resultant joint moments and free moments to BW, BWH, body weight times segment length to the joint (foot length for ankle moments and leg length for knee moments).
Methods
Data were collected on 98 subjects (46 male, 52 female) from the general population. The body weight of the subjects was measured using a balance scale and ranged from 458.1 N to 1385.2 N with a mean of 708.3 N ± 141.7, and height from 1.41 m to 2.02 m with a mean of 1.73 m ± 0.10. The subjects consisted of volunteers who were recruited through advertisements placed at local running stores, around the university campus, and at other public local areas. Before data collection, all volunteers were required to read and sign a subject consent form approved by the university ethics committee.
Subjects walked at two speeds (1.2 m·s -1 and 1.8 m·s -1 ) and ran at two speeds (3.4 m·s -1 and 4.0 m·s -1 ) on a 30 m laboratory runway in a standard control running shoe (Adidas Supernova Cushion, Adidas AG, Herzogenaurach, Germany). The speed of each trial was monitored using photocells placed 1.9 m apart and three-dimensional force data were collected using a force platform (Kistler, Winterthur, Switzerland) mounted in the center of the runway floor, collecting at 2400 Hz. Subjects were instructed not to alter their walking or running style during testing. Subjects were given enough practice trials to consistently perform the required speed and ensure proper foot placement, with their right foot in the center of the force platform. Ten accepted trials were required for each speed, with a trial being accepted if the subjects were within 5% of the required speed.
Three-dimensional kinematics of the lower limb were collected for the right leg of each subject. The shoe and shank were defined by attaching retro-reflective markers, measuring 19 mm in diameter, to each segment using medical adhesive. Three markers per segment were used, attached to the following locations: head of the fibula, upper tibial crest, distal lateral lower leg, posterior shoe heel, distal shoe heel, lateral side of the shoe below the lateral malleolus. Eight high-speed digital video cameras (Motion Analysis Corp., Santa Rosa, CA) recording at a sampling frequency of 240 Hz were used to capture the motion of the markers. The system was calibrated to an accuracy defined by an average 3D residual for all cameras below 0.6 mm.
A standing neutral trial was captured using the video system to determine the 3D coordinates of the leg markers with respect to the ankle and knee joint centers. Each subject was asked to stand with their feet hip width apart, with the knee and hip fully extended. To determine the ankle joint center, additional markers were placed on the medial and lateral malleoli with the joint center defined as the midpoint between the markers. For the knee joint center, additional markers were placed on the lateral knee and at the center of the patella with the joint center defined by superior-inferior, and anterior-posterior coordinates of the lateral knee marker, and medial-lateral coordinates of the patella marker.
The kinematic and kinetic data were imported into Kintrak 6.3 (Motion Analysis Corp., Santa Rosa, CA) for analysis and filtered at cutoff frequencies of 12 Hz and 100 Hz, respectively, using a fourth-order low-pass Butterworth filter. The analyzed ground reaction force variables of interest were: peak vertical impact force, peak vertical active force for running, first and second vertical active peaks for walking, peak horizontal braking force, peak horizontal propulsive force, peak horizontal lateral force, and peak horizontal medial force (Figure 1 ). Absolute peak resultant moments in the frontal, sagittal, and transverse planes were analyzed for the ankle and knee joint using a segment coordinate standard inverse dynamics approach (Figure 2 ). The moments reported are the internal resultant joint moments at the ankle and knee. The absolute peak free moments ( Figure 3) were also analyzed.
Average values for all subjects gait data were calculated from the ten trials at each speed, and each variable was plotted against the measured BW. Normalization was facilitated by determining linear and power curves, best fit to the data using regression analyses in SPSS 10 (SPSS Science Inc, Chicago, Ill). The significance of the regression was set at a 95% level of confidence.
Normalization was performed using a range of normalization parameters. For ground reaction force variables, BW was used as the normalization variable. For knee joint moments, BW, body weight times height (BWH), and body weight times total leg length (BWL) were used as the normalization variables ( Figure 4 ) and for ankle joint moments, BW, BWH, and body weight times foot length (BWF) were analyzed. For free moment analysis, BW, BWH, and BWL were analyzed. All segment lengths were calculated from the kinematic data, using Kintrak to determine the distance from the floor to the ankle joint center (BWF), which represented the height of the subjects' feet and from the floor to the knee joint center (BWL), which represented the subjects' leg lengths. Three different normalization methods were then applied to the data. For division normalization, the data were normalized by simply dividing the gait variable (GV) by the normalization variable (NV). This resulted in a normalized gait variable (NGV), that is, NGV = GV ÷ NV To assess how effectively variation in the GV was accounted for by the division normalization with each NV, we determined the normalization's coefficient of determination (R 2 ), which was equivalent to R 2 for a linear least squares fit with y-offset forced to equal zero.
To study the effectiveness of nonlinear normalization, power curve normalization, was also implemented. For power curve normalization, the original GRF, free moment, and joint moment data were plotted against the normalization variable (BW, BWH, BWF, BWL); nonlinear power curves were fit to the data; and the resulting scaling exponent and R 2 for each curve recorded. Each R 2 was a measure of how much the normalization accounted for each GV's variation. The original data were then divided by the normalization variable to the power of the scaling exponent, replotted against the original normalization variable, and analyzed for linear correlation (with the scaling exponent being used from Figure For offset normalization we recorded the R 2 and y-intercept (Yint) of linear least square line fitted to the GV data plotted against the NV. Again, the R 2 were measures of how much the offset normalization accounted for each GV's variation.
NGV = (GV -Yint) ÷ NV
For all normalization procedures, after normalization of the R 2 of residual linear correlation between the NGV and the NV were recorded. If after normalization a significant correlation (p < .05) was still found, the normalization procedure was deemed to be ineffective and inappropriate. The residual R 2 represented the variance in the absolute and normalized NGV still explained by the NV. 
Results
Results of normalization of all components of GRF can be seen in Table 1 . After division normalization of the GRFs, significant residual correlations to BW were still seen on the active vertical peak and propulsive peak at 4.0 m·s -1 , the propulsive peak and medial peak at 3.4 m·s -1 , and the medial and lateral peak at 1.2 m·s -1 . The residual correlations with BW for all GRF components decreased from as high as 9.7% after division normalization to less than 0.7% for all speeds with the method of power curve normalization and to less than 2.4% for offset normalization, with no significant residual correlations being seen in either power curve or offset methods.
Results of normalization of all planes of ankle joint moments and knee joint moments can be seen in Tables 2  and 3 respectively. For the transverse and frontal planes, BWL and BWF accounted for the least variability and were not significantly correlated to the normalized moment when division normalization was used for all speeds and joints, with the exception of 1.2 m·s -1 for the ankle. For the sagittal plane, BWH accounted for the least variability and was not significantly correlated to the division normalized moments at the knee joint at all speeds. For the ankle joint, no single normalization parameter worked best in the sagittal plane.
For the ankle and knee joint moments, when power curve normalization was implemented, across all planes of motion at all speeds, the variability due to the normalization variable decreased from as high as 41% to below 0.6% for both joints and no significant residual correlations. Similar results were found with respect to offset normalization, with the variability decreasing from 41% to below 1.33% for both joints and no significant residual correlations.
Results of normalization of the peak absolute free moment can be seen in Table 4 . For all speeds of motion, the technique of division normalizing the free moment to body weight accounted for the least variability compared with the BWH and BWL, with BWL being the only variable that was still significantly correlated to the free moment after normalization (R 2 = .0596, p = .02). Both linear and power normalization techniques were performed (top), yielding high R 2 values and strong significant correlations (p < .01). The moment was then linearly normalized to BWH, and replotted against BWH (top right). A significant correlation was still found between the normalized moment and the normalization variable (BWH), indicating that normalization was not entirely effective at removing the variability. When the moment was normalized to the variable of BWH 1.4323 no significant correlation was found, indicating that the normalization procedure was appropriate (bottom). Table 1 When power curve normalization was performed, all normalization parameters were successful with no significant differences seen.
Discussion
In many studies the GRF and joint moments are compared between subjects; in addition, free moments are becoming a more commonly investigated variable. Most authors will normalize the data to remove the differences seen due to the subjects' physical characteristics such as height and weight. It is most common for researchers to linearly normalize using simple division, the GRF by BW, joint moments by BWH, and free moments by BWH, as it is generally believed that heavier subjects will create larger GRF and joint moments when moving at the same speed as lighter subjects. This allows researchers to compare more meaningful data, as the effects of the height and weight of the subjects are theoretically neutralized by the normalization procedure. Although normalization allows the researcher to remove some disparity in the data caused by differences in height and weight, it is not known if this division normalization removes all variability. The researcher cannot be sure if the data have been over-scaled or under-scaled, or if the values being compared are due solely to the condition and not due to the differences in subjects. Disparity in GRF, joint moments, and free moments between subjects may be more complex than simply differences in height and weight. So simply normalizing for inequality in BW and H may not be enough. In order for normalization to be a useful tool in comparing subject data, it must be effective at removing all subject differences except for the effect of the condition. This study examined the current methods of normalizing GRF, joint moments, and free moments by division normalization, power curve normalization, and offset normalization to determine which methods adequately remove the variability due to the differences in subjects.
Division normalization of GRF by BW was not effective at removing all residual error of the normalization procedure across all speeds or dimensions of GRF. This was most evident when the medial/lateral force was examined. Normalization of the medial GRF actually induced a correlation between the normalized variable and the ground reaction force at certain speeds. This normalization technique introduced a correlation into the data, which when comparing results between subjects, could lead the researcher to inappropriate conclusions. The anterior/posterior and medial/lateral components of GRF have little associated with BW, as these variables are thought to be more a product of running technique than of BW (Nigg & Herzog, 1999; White et al., 1999) .
Results of this study are in contrast to the results of Mullineaux et al. (2006) , who found that the variability when division normalizing the propulsive peak and Residual Linear Relationship R 2 (%) vertical active peak while running to BW to be nonsignificant. The contrasting results could be due to the samples studied. For their study, their sample consisted of all female volunteers who were required to run an average of 47 km per week, whereas this study consisted of males and females from the general population with no minimum running requirement. The difference between these two studies draws attention to the fact that linear normalization of GRF to BW may also be influenced by technique (Nigg & Herzog, 1999; White et al., 1999) , as mentioned previously, and is highly dependent on the sample subjects. In their study, division normalization of GRF to BW was effective at reducing the variability (Mullineaux et al., 2006) , whereas in this study it was ineffective, with the only difference between the experiments being the subject samples and running speed. Therefore, when researchers wish to normalize GRF to BW using division normalization, they must take caution and be aware of the effect this normalization may have on the data.
The results found for moment normalization with regards to BWH division normalization were similar to the results of previous studies (Sum et al., 1998; Moisio et al., 2003) . However, no single normalization parameter was able to entirely remove the variability across all dimensions of ankle or knee joint moments at all speeds. In the frontal and transverse plane the product of BW and distance to the joint best reduced the variability of the normalized moment, but in the sagittal plane this method was ineffective. The reason that normalization worked for some planes and not others may be due to the components of the GRF. Sagittal plane moments are largely affected by the anterior/posterior GRF. The propulsive GRF peak could not be appropriately normalized by division normalization while running. Since the propulsive peak directly affects sagittal plane moments, if it could not be appropriately normalized, the moment would not be appropriately normalized.
While division normalization is most commonly used by researchers in biomechanics, it may not take into account actual gait parameter's variability with the normalization parameter due to the fact that the y-intercept is not taken into account and is usually not zero. To determine the effect that accounting for the y-intercept has on the data, the method of offset normalization (O'Malley, 1996) was used. This method was able to successfully normalize the variables that were unsuccessful by leaving a residual correlation using the division normalization method.
The difficulty in utilizing offset normalization is the fact that to get an appropriate value for the y-intercept a large data set must be used, which is not always available in biomechanics research. Using subsets of 10 subjects from the current data, the y-intercept ranged from 220 N to 959 N for the vertical active ground reaction force. This may alter the ranking of the subjects once they are normalized, and possibly lead to inappropriate conclusions. Therefore, when division normalization is successful it may be beneficial to use this method, as the y-intercept will not have to be determined.
Power curve normalization was also successful at eliminating all variability across all normalization parameters and speeds. This method takes into account both the individual differences of subjects due to the anthropometrics (BW, H) as well as the differences in walking and running techniques. Regardless of the speed or which component of force or moment was normalized, this method was uniformly effective at removing all significant variability that resulted from the normalization procedure. However, when performing experiments it may be difficult for the researcher to calculate these scaling exponents with a small sample size. It may be the case that these exponents are similar when the same speed and subject groups (general population, runners) are used. Normalizing using the exponents presented may reduce the variability in the data to a greater degree than division normalization in general studies, especially in the case of anterior/posterior and medial/ lateral force where the scaling exponents were largely different from 1.
Other methods of normalization are also used that take into account the variability between subjects running at similar speeds. Depending on the speed of motion, differing subjects may perform a different stride or running pattern that may be unfamiliar or uncomfortable for them. Instead of simply forcing these subjects to run with this unfamiliar stride or speed, and simply normalize the data to BW or BWH, the scaling of the data are performed before data collection, as each subject moves at a "familiar speed" calculated from the Froude or Strouhal dimensionless number. Both numbers are calculated from anthropometric subject data, with Froude using leg length and Strouhal using stride frequency. Scaling using the Froude number was successful at decreasing the data variability between subjects when walking (Moretto et al., 2007) ; however, scaling using both numbers was ineffective when the subjects were running (Delattre et al., 2009) . It has been suggested that to successfully reduce the variability between subjects when running, scaling using the Moretto-Delattre dimensionless number, which combines the Froude and Strouhal equation, may be successful (Delattre et al., 2009) , but currently no studies have been performed. As well, these studies have examined only the dynamic similarities in GRF, with no investigation on joint moments.
Reducing the variability in the gait variable across participants can also be achieved in the statistical model employed. Normalization by using the normalization parameter as covariates in an ANCOVA (Sturnieks et al., 2008a (Sturnieks et al., , 2008b has previously been employed. This procedure will not introduce the residual effects between the variable to be normalized and the normalization variable in the statistical analysis.
With regards to division normalization of the free moments, all variables with the exception of BWL at 1.8 m·s -1 appropriately normalized the data. The variable of BW was able to account for the least variability of the data after normalization for all speeds, indicating that it may be the best variable by which to normalize the free moment parameters. When the added data of H of L multiplied with BW were used to normalize that data, the effectiveness of the normalization was reduced as the variability of the normalization procedure increased. Simply using the values of BW is the most effective way to reduce the variability in the data and allow equal comparisons between subjects.
It has been shown that the relationship between force and BW, as well as peak moments and BW, BWH, BWF, and BWL, are not always linear. After division normalization, significant correlations were still found in certain variables at certain speeds, and normalization actually introduced a significant correlation on some variables. When normalizing, the variable being normalized-as well as the type of movement and movement speed-must be considered. Caution should be given when attempting to use division normalization for the vertical GRF active peaks, propulsive peaks, and medial-lateral peaks, as direct linear relationships across all speeds did not exist. When using division normalization on the ankle joint moments, no single variable was effective across all speeds. Division normalization of knee joint moments was successful by utilizing BWL in the frontal and transverse planes only. In contrast, power curve normalization and offset normalization were able to successfully remove all variability in the data caused by the normalization procedure.
In biomechanics research, often one of the main aims of normalization is to use joint moments to estimate the effect of loading on the tissues. Even though successful normalization of the joint moments may allow adequate comparison of moments between individuals, it is unclear whether these normalized moments are relevant to tissue stresses. The stress the actual tissue experiences is based on the load normalized to the tissue size, which may or may not be related to BW and H.
The relationship between free moments and BW, BWH, and BWL, was always linear in the current investigation. When examining the data more closely, the simple normalization of the free moment by BW will allow for the greatest comparison between subjects with the least variability. Additional data of H or L did nothing but add more uncertainty to the data.
Normalization should only be performed when required and is unnecessary within subjects. To properly normalize GRF and joint moments to allow for comparisons between people, ensure the effects of the normalization variable have been removed. Division normalization is the easiest normalization method to use and was successful a large percentage of the time. However, if a large data set is present where the power exponent or y-intercept could be calculated, it may be best to use either power curve normalization or offset normalization, as they were effective at removing virtually all effects of the normalization procedure for both GRF and joint moments across all speeds. These two methods allow for the most accurate comparisons between subjects to occur.
